Objective: Respiratory arrest following brainstem herniation has been attributed to injuries resulting from compression of the respiratory centers. While it is widely perceived that the chemoreceptor network, consisting of the glossopharyngeal nerve and carotid body (GPN-CB), is essential for the modulation of respiration, its contribution to the development of respiratory arrest has not been investigated. Therefore, the aim of this study was to investigate whether injury to the GPN-CB occurs in animals with respiratory arrest caused by experimentally-induced subarachnoid hemorrhage.
Introduction
The generation and continuation of respiration is dependent on a central driving force that consists of inspiratory and expiratory pump muscles. Respiration is modulated by neural, chemical, behavioral, voluntary, and mechanical inputs. All respiratory inputs generated by baroreceptors, chemoreceptors, pulmonary receptors, mechanoreceptors, and respiratory centers are transmitted and integrated by the somatic, sympathetic, and parasympathetic nerves [1] .
Defects of the glossopharyngeal and vagus nerves can result in significant impairments in speech, swallowing, and breathing [2] . One of the most important peripheral autonomic neural pathways for respiration consists of the carotid body (CB) and glossopharyngeal nerve (GPN) [3] . The CB contains chemoreceptors that can detect hypoxia, hypercarbia, and changes in blood pH. The primary afferent neurons of the GPN then transmit information from the CB to the solitary nucleus. Some chemoreceptor afferents help mediate respiration in response to hypercarbia and hypoxia through their synaptic connections with neurons in the central respiratory networks, autonomic centers, and the reticular formation [4] . Studies have shown that GPN injuries can cause severe airway obstructions and produce respiratory disturbances [5, 6] . Subarachnoid hemorrhage (SAH) can also cause respiratory arrest, which may result from severe brain edema and lesions to respiratory centers in the first days following the brain hemorrhage [7] . While injury to respiratory centers may result in respiratory arrest in SAH [8] , the results from the current study indicate that SAH not only causes crushing injury to respiratory centers but also results in denervation of the CB due to radical injury to the GPN.
Materials and Methods
Eighteen hybrid rabbits that were approximately 2-years old and were 3.5 ± 0.03 kg were used in this experiment. Animal husbandry and the experimental protocol followed guidelines outlined by the National Institutes of Health, and the study design was approved by the Committee on Animal Research at Ataturk University, Erzurum, Turkey. All animals were closely monitored for electrocardiographic and respiratory irregularities. Four rabbits (n=4) were used as a control group for measuring normal cellular and axonal density in the GPN, CB and brain. The remaining rabbits (n=14) were food-deprived for 6 hours prior to surgery. Anesthesia was maintained throughout surgery to reduce pain and mortality. Anesthesia was first induced using isoflurane through a face mask, after which 0.2 mL/kg of the anesthetic combination of ketamine and xylazine (ketamine HCL, 150 mg/1.5 mL; xylazine HCL, 30 mg/1.5 mL; and distilled water, 1 mL) was subcutaneously injected. During the surgical procedure, 0.1 mL/kg of this anesthetic combination was used to maintain anesthesia. In nine animals (n=9), 0.5 mL of autologous blood was taken from the auricular artery and injected into the cisterna magna over 1 min using a 22-gauge needle. The other animals (n=5) were used as a control group (SHAM) and underwent the same procedure, but they received injections of isotonic saline. Animals were observed for 20 days without any medical treatment prior to being sacrificed. The GPN and CB were removed from all brains bilaterally and stored in 10% formalin solution for 7 days. Tissue was sectioned at 1 μm and stained using hematoxylene and eosin so that the tissue could be examined using stereological methods. Cellular shrinkage, cellular angulation, cytoplasmic condensation, and volume reduction were accepted as the criterion for neuronal degeneration in the CB. Axonal thinning and break-down were accepted as signs of axonal injury to the GPN.
To estimate the total number of axons in the GPN, the fractionation technique was used after the total number of cross sections from the GPN was obtained. The number was evaluated by estimating the number of axons in the GPN using an unbiased counting frame. The microscope had two attachments, a camera that transmitted information to a PC and two dial indicators with arms for mounting the microscope stage. The dial indicators (5 μm resolution) that were mounted on the microscope were capable of measuring the stage's movement in the X and Y directions. Images of the GPN cross sections were obtained according to a basic sample procedure using systematic and random stereological principles as outlined by Gundersen (1988) and were recorded with the camera. Then two unbiased counting frames of known size were mounted and sent to the PC. To estimate the mean number of normal and degenerated axons in the GPN, the axial sections of the GPN were divided into eight equal angle slices, and the number of axons in each slice were added together.
The physical dissector method was used to evaluate the number of neurons in the CB. This method has several advantages in that it 1) easily estimates the number of particles, 2) is both readily performed and intuitive, 3) does not make assumptions about the particle shape, size and orientation, and 4) is unaffected by overprotection and truncation. Two consecutive sections (dissector pairs) were obtained from tissue samples with named references and were mounted on each slide. Reference and look-up sections were reversed to double the number of dissector pairs without taking new sections. The mean numerical density of normal and degenerated neurons (per mm 3 ) in the CB (NvGN) were estimated using the following formula, where SQ-N is the total number of counted neurons appearing only in the reference sections, t is the section thickness, and A is the area of the counting frame: NvGN = SQ-N/txA The Cavalieri volume estimation method was used to obtain the total number of neurons in each specimen. The total number of neurons was calculated by multiplying the volume (mm 3 ) and the numerical density of neurons in the CB. The number of living and degenerated neurons in the GPN and CB of all animals was counted. Data analysis was performed using the Mann-Whitney U test.
Results
Six animals in the experimental group (n=6) and two animals in the SHAM group (n=2) were dead within the first week after surgery. Neck stiffness, unconsciousness, convulsive attacks, fever, apnea, cardiac arrhythmia, and breathing disturbances were observed in all dead animals.
In control animals, the heart rate was 260±25/min, the respiratory rate was 33±8/min and the blood oxygen concentration was 90±5%. Soon after inducing SAH, the heart rate decreased to 140±40/min, the respiratory rate was 17±6/min, and the blood oxygen concentration was 75±10%. Considerable electrocardiographic changes were observed such as ST depression, ventricular extrasystoles, bigeminal pulses, QRS separation, and fibrillations. However, in the late phase of fatality-inducing SAH, the heart rate increased to 330±30/min. When analyzing respiratory parameters, both decreased respiration frequency (bradipne) (17±6) and increased respiratory amplitudes (35%) were observed in the first hours following SAH. However, at longer intervals following SAH, increased respiration frequency (tachipne) and decreased respiration amplitude (32±8%) were observed, resulting in shortened inspiration, a longer expiration time, apne-tachypnea attacks, diaphragmatic breath and respiratory arrest (10±4).
An example of the gross pathologic appearance of brains from rabbits that died from massive SAH is given in Figure 1 . These brains had swelling and compression of the foramen magnum in the lower medulla. The method for assessing axon numbers is shown in Figure 2 , while the normal histological appearance of the GPN has been magnified in Figure 3 . Axonal swelling, periaxonal thinning, axonal loss, and interaxonal vacuolizations were used as the criteria for determining axonal degeneration (Figure 4) . The numerical density of normal axons in the GPN was 18000±5100 mm -2 in normal rabbits and 16200±1500 mm -2 in surviving animals. The number of live axons was 12500±3650 axon/mm 2 in the surviving animals, but there were only 8500±2250 axon/mm 2 live axons in the dead animals. Hence, the number of live axons in the GPN of surviving animals was significantly higher than those found in the dead animals (p<0.005). Similarly, there were significantly fewer degenerated axons in the surviving animals than in the dead animals (p<0.001).
The mean total volume of the CB was calculated to be 0.8±0.2 mm 3 . The histological appearance of normal neurons in the CB and the number of neurons in the CB (estimated using physical dissector pairs) are presented in Figure 5 A-B. Using histopathological examination, the criteria for neuronal degeneration in CB neurons in deceased animals was cytoplasmic condensation, nuclear shrinking, cellular angulations, and peri-cytoplasmic halo formation secondary to cytoplasmic regression ( Figure 6 ). The mean neuronal numerical density in the CB was 4250±1250 mm -3 . In the surviving animals, a majority of CB neurons were living (4000±750), and the numerical density of degenerated neurons was 250±50. However, in the dead animals, a large number of CB neurons were degenerated (2100±500), and the numerical density of living CB neurons was only 2300±250. Hence, relative to the surviving animals, dead animals had significantly more degenerated neurons (p<0.0001) and significantly fewer live neurons (p<0.001). Table 1 shows the mean number of live and degenerated neurons in the CB of both the surviving and dead animals. In addition, there were significant differences between groups in the number of degenerated axons in the GPN and the number of degenerated neurons in the CB (p<0.0001). Table 2 shows the mean number of live and degenerated axons in the GPN as well as the number of CB neurons in both the surviving and dead animals.
Lastly, there were significant differences between groups when comparing the number of degenerated axons in the GPN, the number of degenerated CB neurons, and the frequency of respiratory rhythm irregularities (p<0.0001) ( Table 3) .
Discussion
The generation and modulation of respiration is dependent on a central driving force consisting of inspiratory and expiratory pump muscles. Importantly, respiration can be modulated by many chemical, mechanical, and neural inputs. Autonomic control of respiration depends on peripheral sensors, including arterial baroreceptors and chemoreceptors, pulmonary and muscular mechanoreceptors, and afferent and efferent autonomic pathways. Respiratory functions can also be affected by the endocrine system, behavioral and voluntary states, and various molecular factors [9] . The neural network responsible for chemoreception consists of the GPN and CB. The GPN and vagal nerves are responsible for carrying all of the sensory afferent fibers, including those from baroreceptors, chemoreceptors, and pulmonary receptors. Respiratory afferents first interact in the solitary nucleus before subsequently interacting in the respiratory nucleus of the brainstem. The efferent inputs that are necessary to maintain continuous functioning of the respiratory system include the GPN, vagal nerve, sympathetic nerves, somatosensitive nerves, and somatomotor nerves. The viscerosensitive nerve endings of the GPN and vagal nerves are important for initiating breathing reflexes and regulating autonomic control over respiration [1] . The basic neural circuitry of the CB consists of relays between itself, the GPN, and the respiratory center complex, the latter of which consists of the pneumotaxic, apneustic, inspiratory, and expiratory nucleus of ) 18000±5100 10±2
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Dead animals 9500±3650 8500±2550 Dead animals 8500±3650 10±4 the brain stem [5] . Peripheral chemoreceptors in the CB detect minor changes in oxygen and carbon dioxide-hydrogen levels in the bloodstream. In the GPN, the primary afferent nerve terminals extend from the petrosal ganglia to transmit information to the solitary nucleus of the brain stem. The primary chemoreceptor afferents from the petrosal ganglia synapse with parasympathetic and presympathetic neurons in the brain stem and, as a result, can mediate cardiovascular responses to hypercarbia and hypoxia. Ischemia in the lower brain stem produces concomitant changes in tissue oxygen, carbon dioxide partial pressures, and acidosis, thereby causing intense vasoconstriction and increased ventilation [4] . Chemoreceptors located close to the ventral surface of the medulla respond to changes in CO2 and pH levels of the cerebrospinal fluid. Chemical information coming from the surface areas of the medulla are integrated with information from the CB at respiratory centers [9] . In this situation, the sensitivity of the chemoreceptors can change, producing a chaotic state at centers that regulate pH of the body. SAH is defined as blood leakage in the subarachnoid space, cisterns, and sometimes in the brain ventricles. SAH can be experimentally-induced by injecting autologous blood into the cisterna manga, which creates pathological processes highly similar to those of spontaneous SAH. Vasospasm and disrupted cerebral autoregulation are the most serious problems during the progression of SAH. Severe SAH can produce loss of cerebral autoregulation, while microvascular aggregation of red blood cells may also cause acute ischemic damage [10, 11] . As SAH progresses, ischemia may be worsened by the swelling of the perivascular astrocytes and neurons, endothelin-induced ischemic insult, and increased cerebrovascular resistance [12] . High blood pressure may create an even more severe outcomes following SAH [13] . The mortality rate following SAH is about 25% within 24 hours and 45% within 30 days due to lower brain herniation [14] . A profound elevation in intracranial pressure is an important factor in the development of brain herniation [15] . While decreases in cerebral blood flow and cerebral perfusion pressure are significant factors contributing to early mortality [15] , injury to the CB peripheral network is also an important concern.
Figure 6. A magnified histopathological image of the CB from a dead animal. Cytoplasmic condensation, nuclear shrinking, angulation, and peristoplasmic halo formation were all observed in this tissue (NN, Normal Neuron; DN, Degenerated neuron), (LM, H & E, x 100, LM).
The CB contains the main arterial chemoreceptors, which are characterized by having high blood flow, an elevated metabolism, and oxygen-sensing functions and being susceptible to damage following changes in arterial blood pH. They also have a vital role in mediating cerebrovascular and respiratory autoregulation. As a result, vasoactive molecules produced by the CB may modulate chemosensory processes by controlling CB blood flow and tissue PO2. Chemosensitive units in the CB are glomoid structures comprised of glomus cells clustered around the capillaries. Glomus cells are synaptically connected to nerve terminals of the petrosal ganglion neurons via the GPN [16] . Glomus cells respond to hypoxia, hypercapnia, and acidosis by releasing appropriate transmitters and creating a chemosensory discharge that stimulates the sensory petrosal ganglion neurons [17] .
The CB undergoes significant morphological and functional changes following alterations in oxygen concentration [18] as well as hypoxia-induced glomus cell secretion. However, its ability to respond to such changes decreases with age [19] . The expanded vasculature in a chronically-hypoxic CB returns to the normoxic control state in early-ending hypoxia approximately 8 weeks after the termination of hypoxia [20, 21] . Chronic hypoxia causes enlargement, hyperplasia, and neo-vascularization of the CB [3] . In addition, high altitudes and decreased oxygen pressure can also cause the CB to exhibit increased activation of the afferent nerves [22] . CB dysfunction can also result in failure or arrest of cerebrovascular and respiratory autoregulation [7] . The baroreflex failure syndrome occurs after the bilateral excision of the CB [23] . Baroreceptor denervation results in temporary or permanent increases in blood pressure [24] . CB tumor resection and neck irradiation result in severe hypertension and tachycardia attacks [25] . Recovery from neuronal damage to the CB following ischemia may be facilitated via early revascularization of the CB by posterior cerebral circulation [26] . It has been postulated that neuronal deterioration or functional deficiencies of the CB can actually worsen a patient's prognosis following SAH. Brief periods of fetal hypoxia have been shown to produce neuronal death in the cerebellum, hippocampus, and cerebral cortex and can actually cause death stemming from tonsillar herniation [27] . Over time, CB degeneration occurs and chemoreflex mechanisms are destroyed [28] . Cholinergic inputs from both the hypothalamus and CB to the GPN are activated by hypotension [29] .
Foramen magnum lesions are an important cause of acute respiratory insufficiency. Both cerebellar ectopia and syringomyelia may have symptoms including progressive nocturnal hypoventilation, obstructive sleep apnea, and sometimes sudden respiratory arrest [30] . In Chiary Type I, compression of the GPN by the cerebellar tonsils may cause cardiac syncope given that symptoms disappear after surgical treatment [31] . Ultrastructural and histopathological changes have been reported in denervated CB neurons [32] . The carotid branch of the GPN transsection can lead to severe CB degeneration [33] . Despite the hypothalamus' important role in modulating cardio-respiratory reflexes, it fails to affect the CB in animals with denervated neurons [5] . GPN injuries can cause severe obstruction of the airways due to pharyngeal muscle paralysis, hypertension, and respiration disorders [6] . Evidence has suggested that the herniated brain may cause compression of the GPN rootlets and vasa nervorum, thereby leading to GPN damage. GPN injury may result in CB denervation and atrophy such that respiratory reflexes are subsequently disrupted.
The present study principally assessed the relationship between degenerated GPN axons and CB neurons in animals that either survived or died following SAH. The methods used to estimate the number of live and degenerated GPN axons and CB neurons were of an important consideration. Because previous counting methods have been shown to be biased, we chose to use stereological methods for these calculations. Stereology is a superior mathematical method for abstracting three-dimensional measurements from two-dimensional structures and for dealing with quantitative factors such as shape, size, number, and orientation in space [8, 34, 35] .
According to our stereological analyses, neurodegenerative changes in the GPN and CB were more evident in cases where the SAH treatment was fatal. The differences between the number of broken axons in the GPN and the number of degenerated neurons in the CB were less robust in the surviving animals (p<0.005) than in animals that had fatalities (p< 0.0001).
Brain-stem herniation is known to be one of the most important factors in both the etiology of respiratory disturbances and sudden death in neurosurgical practices. According to current research, neurochemical pathways including the GPN and CB have an important role in regulation of respiratory rhythm, maintenance of blood flow, and cerebral autoregulation. Even though damaged respiratory centers can cause respiratory arrest during brain-stem herniation, the histopathological changes that occur in the GPN and CB have not previously been investigated. The present experimental results indicate that brain-stem herniation can crush the GPN and blood vessels, resulting in injury to the GPN and CB. Therefore, crushing injuries of the GPN and CB may be a likely cause of respiratory arrest in fatal SAH.
In summary, a herniated brain stem may compress the GPN and related vascular units, thereby causing GPN damage and denervation atrophy of CB neurons. As a result, mechanical, chemical, sensitive, and autonomic impulses that are critical for stimulating respiration cannot be transmitted to respiratory regulating centers. Because normal respiration is impossible in brain stem pathologies due to upper respiratory muscles paralysis, respiratory arrest may be inevitable as SAH progresses. GPN-CB network injury should be taken into consideration as a cause of respiratory arrest, and new treatments should be investigated to prevent injury to the GPN-CB in these situations.
